Carbon nanotubes (CNTs) and nanofibers (CNFs) have recently received significant scientific attention owing to their extraordinary and useful properties, such as exceptional tensile strength, elastic modulus, and electrical and thermal conductivity (1, 2). These materials are promising candidates for the next-generation high-performance structural and multifunctional composite materials (3-5).
to growing demand. At the same time, there is a need to create a strong concrete by using composite materials based on cement. Utilization of CNTs-CNFs occasionally has been investigated for applications in the construction industry (6) (7) (8) (9) , although the expected improvement has not been achieved (10) (11) (12) . The biggest problem in potential use of the carbon nanomaterials for making strong concrete arises when CNTs or CNFs are being introduced in the matrix material. Because of their high agglomeration and bundling tendency, carbon nanomaterials cannot be easily and homogeneously dispersed in cement by a simple mixing procedure (12) . Usually, multistep time-consuming processes are required. A bulk amount of CNTs-CNFs needs to be purified and functionalized and only afterward mixed with matrices. However, even this procedure does not lead to significant enhancement of the concrete mechanical properties because of poor bonding between the CNTs-CNFs and cement (12) .
A simple approach to growing CNTs-CNFs directly on the surface of cement particles is proposed (13) . Under this approach, the produced carbon nanomaterials are homogeneously dispersed in the matrix (or precursor matrix) and intermingled with the products. A novel cement hybrid material (CHM) was synthesized in which CNTs and CNFs are attached to cement particles by two different methods: screw feeder and fluidized bed reactors. CHM has been shown to increase the compressive strength by two times and the electrical conductivity of the hardened paste-that is, concrete without sand-by 40 times.
EXPERIMENTAL DETAILS
CHM was synthesized by the chemical vapor deposition (CVD) method, which is considered to be the most viable and efficient process for high-yield CNT production. Because cement particles naturally contain both the catalyst and inert support substances required for CVD synthesis, this inexpensive basic building material has been used for CNT and CNF fabrication, thereby making it possible to avoid many time-consuming steps of the catalyst-support preparation. Portland sulfate-resistant (SR) cement (CEM I 42.5N) containing about 4% Fe 2 O 3 was examined ( Table 1 ). The rest of the cement materials-SiO 2 , MgO, and Al 2 O 3 -are known to be good supporting materials for the growth of CNTs (14) (15) (16) . For the syntheses, acetylene was chosen as the main carbon source because of its low decomposition temperature and cost-effectiveness. CO and CO 2 were examined as promoting additives to enhance the yield.
A screw feeder reactor allowed for continuous feeding of the catalyst particles (Figure 1 ). This CVD reactor consisted of a quartz tube (with an internal diameter of 34 mm and a length of 100 cm) inserted in a resistively heated furnace (with a heated length of 60 cm), a powder feeder with an adjustable powder feeding rate, a copper screw feeder, a powder collector, and a water cooling system to keep the ends of the tube at room temperature. The residence time of the cement particles in the high-temperature reactor zone (about 30 cm) was regulated by motor rotation speed and varied from 1 to 6 per minute, which corresponds to 30 and 5 min, respectively. The experimental investigations were carried out with the powder feeding rate of 30 g/h in a temperature range of 400°C to 700°C.
The second experimental setup used for synthesis of CHM was a fluidized bed reactor (Figure 2 ), which consists of a quartz tube inserted in the vertical furnace (with a heated length of 60 cm). The quartz tube was conically shaped with a junction from internal diameters of 6 to 34 mm with a cone zone length of 20 cm. For one experiment, 50 to 100 g of clinker (or cement) particles were filled up from the top and kept in a nitrogen atmosphere of 1,600 cm 3 /min to replace oxygen and to heat the powder to the synthesis temperature for about 5 min. Then CO at 530 cm 3 /min (for catalyst reduction purposes) and after 5 min acetylene (carbon source) flows at 520 cm 3 /min were introduced. The nitrogen flow was gradually turned off during about 5 min after fluidized conditions were achieved. Typical growth time was 30 min. Acetylene and CO flows were then replaced by nitrogen and the reactor was cooled to room temperature outside the furnace. Typical yield of the final product was about 75 g/h. This method can be easily scaled up.
Microscopic investigations were carried out with the help of highresolution low-voltage field emission gun scanning electron microscopes (SEM, Leo DSM 982 Gemini and JEOL JSM-7500F) and a field emission gun transmission electron microscope (TEM, Philips CM200 FEG). X-ray powder diffraction (XRD) data were collected on a D8 advance Bruker diffractometer by using CuKα (40 kV, 40 mA) radiation. Raman spectra were recorded by using a frequency doubled neodymium-doped yttrium aluminum garnet green laser (532.25 nm, 30 mW) and charge-coupled device detector. Raman experiments were performed at ambient atmosphere and temperature. Thermogravimetric investigations of pristine cement, activated carbon, and CNT-modified cement particle samples were carried out with a Netzsch STA 449 C thermobalance. The samples were slightly ground before the measurements. A sample of 9 to 18 mg was heated in an Al 2 O 3 crucible from room temperature to 750°C at a heating rate of 10°C/min in a dynamic air (40 mL/min) atmosphere.
To investigate the produced hybrid structures in the quality of a building component, cement pastes were prepared on the basis of CHM, and their compressive and flexural strengths and electrical resistance were tested. The current investigations used beams with dimensions of 60 × 10 × 10 mm 3 prepared with Teflon molds and cured in water at 20°C for 28 days. Each series consisted of three beams. The cement paste specimens produced from a mixture of pristine SR cement and SR CHM contained a polycarboxylate-based surfactant available under the commercial name Kolloment (Grace Chemicals), whereas the cement paste specimens produced entirely from SR CHM contained a mixture of two surfactants: Kolloment and Parmix (Finnsementti Oy). The electrical resistance R of the cement paste samples was measured by using two contacts pressed to opposite sides of the sample through soft graphite films with the area of S separated by the distance of L. The resistivity was determined as ρ = R ⅐ S/L.
EXPERIMENTAL RESULTS AND DISCUSSION
Systematic investigations of CNF growth were carried out in the screw feeder reactor. The product composition could be varied from no carbon precipitated on particles (below 450°C) to complete coverage of cement particles at higher temperatures. These structures provided a good dispersion of the CNTs and CNFs in cement, which is essential for creation of very strong and electrically conductive Figure 3 shows SEM images of the product synthesized in the screw feeder and fluidized bed reactor. The CNFs synthesized on the surface of cement particles by the fluidized bed reactor are about half as thick and less bundled. Typical lengths of the CNFs are several micrometers.
To determine quantitatively the carbon nanomaterial yield, thermogravimetric analyses (TGAs) were carried out. TGA revealed two features in the temperature ranges of 80°C to 280°C and 380°C to 560°C for SR CHM (Figure 4a ). The first temperature mass decrease can be attributed to hydrocarbons, which were likely formed owing to acetylene polymerization reactions; the second step can be explained by burning out carbon from the CNTs and CNFs in an air atmosphere (17) . The most reactive system resulting in the highest carbon yield of 1,660% corresponding to 15 g/h was found to be a mixture of acetylene and CO. Interestingly, addition of CO 2 (it is assumed that CO 2 present in the reactor can play the role of etching agent to remove amorphous carbon and therefore prevents catalyst particle encapsulation by amorphous carbon) to acetylene did not lead to increased CNT-CNF yield as would have been expected from the literature (18, 19) but as shown later improved the properties of the cement paste. CO alone, known to be a good carbon precursor for singlewalled CNT production (20-23), did not form any carbon product under these conditions. Nevertheless, the important role of CO can be attributed to the reduction of iron oxide (24) . Even though the absolute yield of carbon nanomaterials was significantly higher for SR cement, the yield calculated per mass of available iron was found to be very similar for SR and white cements.
Raman experiments performed at ambient atmosphere and temperature showed two main features in the spectra: G band at about 1,600 per cm and D band at 1,325 per cm (Figure 4b ). These spectra are typical and can be obtained from multiwalled CNTs (25) . The results of the Raman measurements did not significantly change when the type of cement or experimental conditions varied.
To examine possible changes in the cement particles under CHM synthesis conditions XRD measurements were carried out. No major changes were found in the crystallinity, but a new peak corresponding to graphitized carbon appeared, and the gypsum phase vanished (Figure 4c ). The latter can be explained by the changing water content in the gypsum phase (26) . The intensity of other peaks corresponding to different crystalline cement compounds such as Ca 3 SiO 5 , Ca 2 SiO 4 , and Ca 3 Al 2 O 6 did not essentially change under the synthesis conditions. The cement pastes made of CHM samples produced under different conditions revealed significant improvement in mechanical and electrical properties after curing in water for 28 days. As shown in Table 2 , the SR CHM can be used to prepare mechanically very strong paste with compressive strength more than two times higher than that of the paste prepared from the pristine cement. In addition, up to 40 times better electrically conductive paste preserving its mechanical properties can be produced on the basis of this material. To the best of the authors' knowledge, these significant compressive strength and electrical conductivity enhancements are the highest reported so far obtained with the help of CNTs. Until now, CNTs and CNFs added to cement resulted in a decrease or a rather small (up to 20%) increase in compressive strength (27, 28) . The main problem was in getting a good dispersion of carbon nanomaterials in a matrix or its precursor. On the other side, the weakest composite's point, when carbon nanostructures are applied for advanced materials, is in the interfacial bonding between CNTs and the binder matrix. To improve the situation, many researchers (27, (29) (30) (31) used treated CNTs-CNFs-for example, by using sulfuric and nitric acids or ozone gas leading to the formation of oxygen-containing groups capable of enhancing reinforcement efficiency between the hydrated cement and CNTs. From that point of view, for increasing the strength of the hardened paste (or concrete) it is very important to produce CNTs-CNFs on the surface of cement particles-that is, on the side of subsequent hydration cement products, which would provide better strength (and electrical contacts) between particles in the final product. Therefore, the carbon nanomaterials are easily and homogeneously dispersed in the cement paste and are intermingled with the hydration products during the hydration process. The fractured parts of the hydrated (curing in water for 28 days) cement paste specimens were observed in SEM. The CNTs and CNFs originally attached to the cement particles appeared to be nicely embedded in the hydration products of the calcium silicate hydrate phase ( Figure 5 ). CNTs and CNFs bridged the neighboring cement particles surrounded by their hydration products, which can explain the significant increase in mechanical strength and electrical conductivity on the hardened past compared with paste prepared from the pristine cement.
CONCLUSION
Cement particles were used as catalyst and support material, which made it possible to synthesize novel hybrid nanostructured material in which CNTs and CNFs attached to cement particles and provided good dispersion of the carbon nanomaterials in the cement. This hybrid material was synthesized in two CVD reactors, which can be easily combined into industrial cement production. The yield of the product in the fluidized bed reactor increased considerably.
The investigations based on TEM, SEM, XRD, TGA, and Raman measurements showed high efficiency of the method for lowtemperature and high-yield synthesis of CNTs and CNFs. Investigations of the physical properties of the paste made from the CHM revealed up to a twofold increase in the compressive strength and a 40-fold increase in the electrical conductivity after 28 days of curing in water. 
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